Soil water repellency causes at least temporal changes in the hydrological properties of a soil which result in, among other things, suboptimal growing conditions and increased irrigation requirements. Water repellency in soil is more widespread than previously thought and has been identified in many soil types under a wide array of climatic conditions worldwide. Consequences of soil water repellency include loss of wettability, increased runoff and preferential flow, reduced access to water for plants, reduced irrigation efficiency, increased requirement for water and other inputs, and increased potential for non-point source pollution. Research indicates that certain soil surfactants can be used to manage soil water repellency by modifying the flow dynamics of water and restoring soil wettability. This results in improved hydrological behavior of those soils. Consequently, the plant growth environment is also improved and significant water conservation is possible through more efficient functioning of the soil. Vodoodpudivosť pôdy spôsobuje prinajmenšom dočasné zmeny v hydrologických vlastnostiach pôdy, ktoré okrem iného môžu viesť k suboptimálnym podmienkam rastu rastlín a k zvýšenej potrebe závlah. Vodoodpudivosť pôdy je rozšírenejší jav, ako sa pôvodne predpokladalo; bola identifikovaná v mnohých pôdnych typoch a klimatických podmienkach na celom svete. Dôsledkom vodoodpudivosti pôdy je strata zmáčavosti, zvýšený povrchový odtok a preferenčné prúdenie, znížená dostupnosť vody a iných vstupov pre rastliny, znížený účinok závlah, zvýšené požiadavky na vodu a iné vstupy, ako aj zvýšené riziko plošného znečistenia. Výskum naznačuje, že niektoré povrchovo aktívne látky (soil surfactants) môžu upraviť vodoodpudivosť pôdy obnovením omáčania a modifikáciou dynamiky vody. Výsledkom je zlepšenie hydrologických vlastností pôdy. Podobne, výsledkom je zlepšenie prostredia pre rast rastlín, zvýšenie retencie vody v pôde a teda aj efektívnejšia funkcia pôdy.
Introduction
Factors affecting soil hydrological behavior, especially the development of soil water repellency (SWR), can lead to suboptimal growing conditions and increased irrigation requirements. SWR leads to reduction or loss of soil wettability causing at least temporal changes in the hydrological properties of a soil. Consequences include increased runoff and preferential flow, reduced access to water for plants, reduced irrigation efficiency, increased requirement for water and other inputs, and increased potential for non-point source pollution. Restoration of soil wettability will improve the hydrological behavior of soils allowing increased irrigation efficiency and significant water conservation in irrigated crop and landscape systems.
Soil surfactants can be used to improve the wettability of soils. Soil surfactants are materials that lower the surface tension of water and, depending upon formulation, can also restore wettability to water repellent mineral or organic soils. Since the invention of the original soil surfactant, AquaGro, in the 1950's, there have been many advances in soil surfactant formulation making their use more economically viable for a variety of cropping systems. Where soil wettability is less than optimal, soil surfactants in combination with appropriate irrigation and soil cultivation practices can improve soil hydrological behavior resulting in improved irrigation efficiency and water conservation (Kostka et al., 2007) .
A growing body of research shows that SWR and associated preferential flow are more common than previously thought -and that application of soil surfactants is an effective remediation strategy . This paper summarizes the findings citing some of the recent research results.
Soil water repellency and preferential flow
SWR is a condition that develops in soils causing the soil to resist wetting. It is caused by the accumulation of water repellent/hydrophobic coatings on soil particle surfaces Hallett et al., 2001; Karnok and Tucker, 2002) , and triggered when a soil drops below a certain critical soil moisture content for that particular soil (Dekker and Ritsema, 1994) . A direct consequence of SWR is a reduction in a soil's ability to wet and retain water (Hallett, 2007) .
The development of water repellent behavior in soils is more wide-spread than previously thought. Among the first to mention water repellency were Schreiner and Shorey in North America (1910) who wrote: "…there was found in California a soil which could not be properly wetted, either by man, by rain, irrigation, or movement of water from the subsoil, with the result that the land could not be used properly for agriculture. On investigation it was found that this peculiarity of the soil was due to the organic material, which when extracted had the properties of a varnish -repelling water to an extreme degree." Since that time, water repellent soils have been identified in a wide variety of soils worldwide and studied in 35 countries on six continents . Dekker et al. (2001) and Karnok and Tucker (2002) also report that SWR develops under a wide range of different plant systems. All of this has lead researchers to the view that occurrence of SWR seems to be more the norm than exception (Wallis and Horne, 1992; Ritsema and Dekker, 2005) .
Preferential flow refers to the movement of water and solutes through specific pathways in only a portion of the soil matrix rather than in a more uniform wetting front as expected from lateral diffusion of water in the soil. Because SWR reduces the wettability of portions of the soil, it leads to the development of preferential flow paths . The preferential flow paths often carry applied water and solutes past the active root zone, reducing efficiency of both precipitation and irrigation, limiting plant available water and increasing environmental risk.
As noted, soil scientists and hydrologists now consider water repellency and preferential flow to be more the norm than the exception in a wide variety of soils . Water repellency in soil and the associated preferential flow are like "barriers" and "leaks" in the soil plumbing system respectively. Their occurrence interferes with the soils ability to effectively capture and distribute rainfall or irrigation water for plant use. It has been observed as well that, even after extended wet periods, SWR and preferential flow paths recur . Even low levels of repellency can cause reduced infiltration and retention, increased runoff, variable wetting and preferential flow. These lead to, among other things, suboptimal growing conditions, reduced irrigation efficiency and increased water requirements.
The development of water repellency in soil can be detected by a variety of methods, the most common of which is the Water Drop Penetration Time (WDPT) test. There are advantages and disadvantages to the various approaches (Hallett, 2007) . To quickly and easily determine the presence of SWR for applied purposes like irrigation management, the WDPT test has many advantages. This method is spelled out in detail in the new Soil Science Society of America publication, Soil Science -Step-by-Step Field Analysis (Ritsema et al., 2008) .
Soil surfactants are capable of improving soil hydrological behavior by correcting or preventing water repellency, and reducing and preventing preferential flow. The result is improved growing environments, more efficient irrigation, reduced environmental risk from preferential flow and water savings of up to 30% or more. This has been extensively studied and documented in turfgrass management (Cisar et al., 2000; Karnok and Tucker 2002; Park et al., 2004; Dekker et al., 2005; Oostindie et al., 2005; Karcher et al., 2006; Aamlid et al., 2009; Hallet, 2007; Leinauer et al., 2007) and is now being explored in agricultural crops as well (Hopkins and Cook, 2007; Speth et al., 2005; Rowland et al., 2007) . Fig. 1 shows the effect of a soil surfactant on water content, wettability and preferential flow in a repellent sandy soil on a golf course in the Netherlands. 
Runoff
Runoff of irrigation or rainfall results in a loss of water which is wasteful, raises the risk of pollution and erosion, and increases irrigation requirements.
Runoff is increased when water is applied at excessive precipitation rates or when infiltration is reduced. While compaction has long been recognized as a cause of reduced infiltration, SWR is another cause of reduced infiltration and increased runoff. This has been verified in numerous studies . And while this consequence has been recognized for some time in the case of severe water repellency, it has more recently been discovered to also occur with very low levels of repellency as well (Hallett et al., 2001 (2005) recorded reduced runoff and increased soil moisture on a water repellent sand in a sloped fairway that had been treated with a soil surfactant. On loamy sand with an 8% slope, Mitra et al. (2006) found that soil surfactant applications doubled the time to runoff, from 20 minutes to more than 40 minutes, and total runoff was reduced more than 30% (Fig. 2) . By reducing runoff, soil surfactants can improve the amount of water reaching the root zone, increase efficiency of irrigation and reduce irrigation requirements and the potential for contaminants to enter surface waters or storm water systems. 
Infiltration and root zone wetting
Infiltration and root zone wetting are fundamental to plant available water, effective irrigation and irrigation efficiency. When soils function as expected, infiltration and root zone distribution of applied water will be fairly uniform. This will result in relatively high distribution uniformity (DU) in the soil as well as on the surface as is generally expected. However, SWR can interfere with infiltration and water distribution in soil resulting in significant variation in moisture content throughout the root zone (Dekker and Ritsema, 1994; Park et al., 2005) . This has been found to be true in many soils such as sand, loam, clay and peat Dekker et al., 2005) . Hallett et al. (2004) have also found this to be true even at low, "subcritical", levels of SWR. When infiltration is compromised by SWR, root zone DU can be lower than irrigation DU on the surface, leading to reduced irrigation efficiency.
In addition to reduced efficiency in water distribution in the root zone, preferential flow paths can form. This occurs as the repellent parts of the soil, which are not wetted, become drier and the wettable areas become the channels through which water and solutes are transported . As a result, a significant portion of the water and solutes intended for the root zone will bypass it instead (Dekker and Ritsema, 1994; Ritsema et al., 2001 ). In addition to reducing water available for plants, this increases waste, irrigation requirements and the risk of environmental contamination by solutes reaching groundwater faster than expected.
Since soil surfactants reduce SWR and facilitate wetting, their use in soils with even subcritical water repellency can lead to significant improvements in infiltration and root zone DU. Park et al. (2004), among others, report significantly reduced repellency and improved wettability when surfactants are applied regularly. In a very water repellent sand, Oostindie et al. (2005) report significantly more consistent moisture levels and, correspondingly, much lower coefficients of variation in surfactant treated soils (average variation 10.4%) compared to adjacent untreated soil during the same period (average variation >50%) (Fig. 3) . Reducing water repellency and increasing soil wettability and root zone distribution uniformity improves the plant growth environment, reduces irrigation requirement, preferential flow and associated environmental risk Park et al., 2005; Karcher et al., 2006; Aamlid et al., 2009 
Plant available water
The Irrigation Association in the United States defines irrigation as intentional application of water to provide water to plants for crop production or sustained growth (Rochester, 2006) . Plant available water (PAW), the available water located in the root zone, is therefore an important aspect of irrigation management and efficiency. As PAW values for use in irrigation scheduling are calculated from expected soil water holding capacity and plant root zone depth (The Irrigation Association, 2003) , the actual behavior of the soil will impact the effec-tiveness and efficiency of the irrigation events. When PAW is compromised plants do not have access to expected amounts of water, crop quality suffers and/or excess water will be required.
SWR reduces actual PAW because it "locks out" part of the soil's water holding potential. In severe cases SWR can render soils non-usable for crop production (Hallett et al., 2001) . In less severe cases, it can cause reduced plant performance (Cisar et al., 2000; Hopkins and Cook, 2007; Leinauer et al., 2007) . Unaddressed, this reduced PAW also reduces irrigation efficiency.
The use of soil surfactants to restore soil wettability and increase infiltration, results in improved soil behavior with regard to PAW. This has been documented by an increasing number of researchers working with a variety of crops. Significant increases in soil water contents after treatment with surfactant have been documented by many researchers (Karnok and Tucker, 2001; Hopkins and Cook, 2007; Mitra, 2005; Oostindie et al., 2005) . 
Water conservation through efficient irrigation
Efficient irrigation is impossible without well designed, installed, operated and maintained irrigation systems. Nonetheless, it is also true that how water moves in the soil is key to the plant growth environment, irrigation efficiency, crop performance and water conservation. When water movement into and through soils becomes erratic, even the most well designed and managed irrigation system will fall short of expected and desired goals. More irrigation is then applied because plants exhibit stress, consumption is increased and efficiency of the irrigation program is reduced. In addition to well designed and operated irrigation systems, water can be conserved by increasing the efficiency of water delivery to the soil. Soil surfactants ensure that soils are wettable so that rainfall and irrigation applied at appropriate precipitation rates will infiltrate quickly and uniformly. An increasing amount of research by scientists of varying disciplines is showing that more effective delivery of water to the root zone, especially where soil water repellency is a factor, can result in very significant reductions in water use or requirements. In turfgrass management, reductions of at least 20% (Kostka et al., 2005; and in some cases more than 50% (Park et al., 2005; Karcher et al., 2006) have been reported with no loss in turfgrass quality (Fig. 5) . A summary of research in this regard was published by Kostka et al. (2007) . The use of soil surfactants allows conservation of water and greater irrigation efficiency. 
Conclusion
When soil hydrological behavior is affected by water repellency, conditions for plant growth and irrigation efficiency decline leading to either increased water consumption to meet plant needs, or reduced "crop" performance. SWR is more common than previously recognized and, even at very low levels, significantly impacts soil hydrological behavior. Correction or avoidance of SWR keeps soils wettable, improving hydrological behavior and, therefore, the plant growth environment, irrigation efficiency, crop performance and efficiency of water use.
The development of water repellency can be detected using the Water Drop Penetration Time test. Once detected, water repellency can be managed with use of soil surfactants to improve efficiency of the irrigation. Soils that have a critical water content threshold for water repellency seem to remain susceptible to water repellency below that moisture level, even after long wet periods or remediation efforts. Therefore, especially during drier periods, water repellency can be expected to recur in areas where it has been previously detected.
Soil surfactants are a management technology for reducing, and possibly avoiding development of, water repellency and associated preferential flow. The result is maintenance or restoration of soil wettability and improved infiltration and root zone distribution uniformity. Research worldwide is increasingly indicating that certain soil surfactant formulations significantly improve soil hydrological behavior allowing more efficient irrigation, improvement in crop response and significant reductions in water consumption. Further research regarding managing soil hydrological behavior with surfactants and development and use of irrigation and moisture sensor technology holds promise for achievement of new levels of irrigation and water use efficiency in irrigated crop and landscape systems.
